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Diffractive vector meson production

e Diffractive processes can constrain the
average shape of the target and probe
event-by-event fluctuations at different
distance scales

e High energy: Use dipole picture and color glass condensate to
describe the target

o Saturation effects show up in e.g. Q% dependence and |?| spectra
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Coherent diffraction:

Target remains in the same quantum state after the interaction

Apply Good-Walker formalism: Cross section is determined by the
average interaction of the states that diagonalize the scattering matrix

with the ta g el. M.L. Good and W. D. Walker, Phys. Rev. 120 (1960) 1857

High energy: Fock states of the incoming virtual photon with a fixeo
number of partons (LO: quark-antiquark pair) at fixed transverse

coordinates, probing a fixed configuration of the target.
da}/*A—>VA 1 2

— <QQ[;/*A—>VA>
dt l6r
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Incoherent diffraction:

Initial state: |i); Final state: | f); Amplitude for diffractive scattering: &

Squared transition amplitude, which enters in the cross section:
H. I. Miettinen and J. Pumplin, Phys. Rev. D18 (1978) 1696

D Ly =) (il * | f1 iy — Gl A i) | o * | i)
f#i f
= (il * i) — (| A ]i)|

Sum over final states includes all possible states for the final state target
Average over all possible initial states — cross section

y*A—VA 2
do — 1 < ‘QQ[;/*A—A/A ‘2> . | <QQ[;/*A—>VA>
dt 167
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Dipole picture: Scattering amplitude

H. Mantysaari, B. Schenke, Phys. Rev. Lett. 117 (2016) 052301; Phys.Rev. D94 (2016) 034042

High energy factorization: Y I/, p, ...
* y¥ = qq:y(r,0%,2) "
e 949 dipole scatters with amplitude N b
*qq — V:y'(r,0%2)
p p, P’

A ~ / d?bdzd?rV*W Y (r,z, Q*)e "2 N(r, x, b)

e Impact parameter b is the Fourier conjugate of transverse

momentum transfer A = Access spatial structure (f = — A?)
e Total Fy: forward scattering amplitude (A=0) for V=y (same N)
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Modeling the dipole amplitude

H. Mantysaari, B. Schenke, Phys. Rev. Lett. 117 (2016) 052301; Phys.Rev. D94 (2016) 034042

One way: IPSat model:
— 71-2 C
N=1—exp[—r2F(x,r)T(b)] with F(x,7?) = W(xs(ﬂ&

C

rz)

o, )xg (x IMO

Proton targets: parameters /40, C, xg(x, ,uo) B (in T) constrained by HERA
data; Scale dependence of xg obtained from BIC] WA =1Ve][Vidle]g

6 Bjorn Schenke, BNL



Modeling the dipole amplitude

H. Mantysaari, B. Schenke, Phys. Rev. Lett. 117 (2016) 052301; Phys.Rev. D94 (2016) 034042

1) Assume Gaussian proton shape:

2
»—b*(2B,)

1(b)=Ty(b) = —
P

2) Assume Gaussian distributed and Gaussian shaped hot spots:

|
P(b;) = 97 e V1) (angles unitormly distributed)

e—bZ/(z )

N,
- 1 : S— . N
1,(b) = ~ Z Iy(b—"0) with Nj=3 hot spots; T,(b) =

q ;=1 2r
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Results compared to HERA data

—1 1
fm] fm

a) Bge = 3.3 GeV~2,B; = 0.7 GeV 2

fm] fm]

(b) Bge = 1.0 GeV~2, B; = 3.0 GeV 2

H. Mantysaari, B. Schenke, Phys. Rev. Lett. 117 (2016) 052301
Phys.Rev. D94 (2016) 034042
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Color Glass Condensate formalism

H. Mantysaari, B. Schenke, Phys.Rev.D 98 (2018) 3, 034013

Besides IPSat we can compute the dipole amplitude from Wilson lines
using the MV model and JIMWLK evolution (with the geometry as in IPSat)

Sample (local Gaussian) color charges with zero mean and

(p?p”) ~ 6PEPN(T = V)6(x™ — y QX))

where Q. at the initial x;, is obtained from IPSat

MV model: L. D. McLerran and R. Venugopalan, Phys. Rev. D49 (1994) 2233
JIMWLK: J. Jalilian-Marian, A. Kovner, A. Leonidov, and H. Weigert,

Nucl. Phys. B504, 415 (1997), Phys. Rev. D59, 014014 (1999)

E. lancu, A. Leonidov, and L. D. McLerran, Nucl. Phys. A692, 583 (2001)

E. Ferreiro, E. lancu, A. Leonidov, and L. McLerran, Nucl. Phys. A703, 489 (2002)

A. H. Mueller, Phys. Lett. B523, 243 (2001)
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Color Glass Condensate formalism

H. Mantysaari, B. Schenke, Phys.Rev.D 98 (2018) 3, 034013

From color charges we obtain Wilson lines at the initial x, = 0.01
X, X
V(x) = Pexp( — igJ'dx_p_(,—))
V2 + m?
from solution of Yang-Mills equations, with regulator m

—

Dipole amplitude: N(7,xp, b) = N(X — , xp, (X + ) /2) = TrV(X) VI () /N,

Evolution is done using the Langevin formulation of the JIMWLK equations
K. Rummukainen and H. Weigert Nucl. Phys. A739 (2004) 183; T. Lappi, H. Mantysaari, Eur. Phys. J. C73 (2013) 2307

Long distance tales are tamed by imposing a regulator in the JIMWLK

ke rﬂe‘, 1) S. Schlichting, B. Schenke, Phys.Lett. B739 (2014) 313-319

10 Bjorn Schenke, BNL



e+p compared to HERA data

H. Mantysaari, B. Schenke, Phys.Rev.D 98 (2018) 3, 034013

—— CGC + shape fluct
- -- CGC

{ H1 coherent

A H1 incoherent

H1 collaboration, Eur. Phys. J. C73 (2013) no. 6 2466
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Energy evolution - JIMWLK

H. Mantysaari, B. Schenke, Phys.Rev.D 98 (2018) 3, 034013; B. Schenke, Rept. Prog. Phys. 84 (2021) 8, 082301
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Energy evolution - JIMWLK

H. Mantysaari, B. Schenke, Phys.Rev.D 98 (2018) 3, 034013

—
o
o

Qualitatively

ALICE p-Pb V?W =5.02 TeV
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T ]
Incoh. e Coherent,H1

| atest results: Bayesian inference
—— ---- Variable Nqg

H. Mantysaari, B. Schenke, C. Shen, W. Zhao, arXiv:2202.01998 [hep-ph] N 4 Incoherent,H1
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https://arxiv.org/abs/2202.01998

| atest results: Bayesian inference

H. Mantysaari, B. Schenke, C. Shen, W. Zhao, arXiv:2202.01998 [hep-ph]

See the effect of changing parameters on the cross sections at

https://share.streamlit.io/chunshenl987/ipglasmadiffractionstreamlit/main/IPGlasmaDiffraction app.py

x IPGlasma + Diffraction

This is an interactive web page that emulates the J/1) photoproduction cross sections in deep

inelastic scatterings of protons using the IPGlasma model.
Model Parameters: gsorp g

m [GeV] This work is based on arXiv:xxxx.XxXxxx

One can adjust the model parameters on the left sidebar.

The colored bands in the figure show the emulator estimations with their uncertainties. The
BG [Gev~-2] compared experimental data are from the H1 Collaboration, Eur. Phys. J. C 73 (2013) No. 6, 2466

BGq [GeVA-2]

0.1 3

smearQsWidth

This website also
orovides posterior

1 10

samples for your

0.2 1.5

= Own application
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https://arxiv.org/abs/2202.01998
https://share.streamlit.io/chunshen1987/ipglasmadiffractionstreamlit/main/IPGlasmaDiffraction_app.py

Ultraperipheral collisions (UPC)

e At an impact parameter |bt| > 2R nuclei are photon sources
e Photons are quasi-real 0% ~ 0
e Highenergyy+y,y+p,y+ A at RHIC and LHC

e Focusony+ pandy+ A and study
diffractive production of vector mesons:

At small x target is mostly gluons
dg}/*A—>VA

N X [xg(x, Qz)]2 (gluon distribution squared)
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Ultraperipheral collisions (UPC)

C. A. Bertulani, S. R. Klein and J. Nystrand, Ann. Rev. Nucl. Part. Sci. 55 (2005) 271

Higher energy in ¥y + p than at HERA
Can study yA — VA even before the EIC is built

lgnoring interference, cross section is convolution

of photon flux """ from nucleus A; and YA, cross section (and vice versa):
dGAA—>J/l//AA’

dt
y is the rapidity of the J/y

= o"(y)+ 67"2(—y)

w,,, are the photon energies
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Ultraperipheral collisions (UPC)

C. A. Bertulani, S. R. Klein and J. Nystrand, Ann. Rev. Nucl. Part. Sci. 55 (2005) 271

Interference is important in A+A, especially at mid-
rapidity. There

do__ | szB\A — A, 120(|B| = 2R,)
d|t]  16x Lo A

Interference is destructive in A+A because of negative parity of the VM

d|t|dy

y+A—>V+A

, do

y=0
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J/y in Pb+Pb UPCs: Subnucleonic fluctuations

H. Mantysaari, B. Schenke, Phys.Lett.B 772 (2017) 832-838, arXiv:1703.09256

Pb+Pb — J/¥ + Pb+ Pb, /s =5.02TeV,y =0

ALICE Preliminary, PbPb \s,, = 5.02 TeV

UPC, L, =216 ub"  2.85<m,, <3.35 GeV/c?
-‘40<y<-25 & ALICE data

Coherent J/y
Incoherent J/y

— Geometric and (), fluctuations in the nucleons
- = = No subnucleon fluctuations

Incoherent J/w with nucleon dissociation
Coherent J/y from y(2s) decay
Incoherent J/y from y(2s) decay

o
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e
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O

Continuum yy to puu

2.5 3
Dimuon N (GeV/c)

Coherent: thick lines
Incoherent: thin lines
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Fix normalization in e+p

H. Mantysaari, F. Salazar, B. Schenke, in preparation

Make sure we get the
normalization rignht

in both cases:

with and w/o

=~ CGC + shape fluct shape tluctuations
- -~ CGC

Q*=0
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First compare to ALICE y+Pb measurement

H. Mantysaari, F. Salazar, B. Schenke, in preparation
Here, ALICE removed interference and photon k. effects to get the y+Pb cross section

ALICE
i Form factor

Form factor
- — - |Psat x0.68
—— CGC (no evolutio
—— CGC %0.6

¢ ALICE

102 |
0.000 0.002 0.004 0.000 0.008 0.010 o0.012 0.000 0.002 0.004 0.000 0.008 0.010 o0.012
|t][GeV2]

t| [GeV?]

Saturation effects improve agreement with experimental data significantly
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t| integrated coherent cross section

H. Mantysaari, F. Salazar, B. Schenke, in preparation

Pb+Pb — Pb+Pb+J/y

—— CGC + shape fluct { CMS
A ALICE

—— CGC + shape fluct t ALICE
A LHCDb

1.0 1.5 2.0 2.5
Y

Larger suppression when including shape fluctuations: Hotter hot spots; larger local Q.

ALICE arXiv:2101.04577; Phys. Lett. B798 (2019) 134926; Phys. Lett. B718 (2013) 1273;
Eur. Phys. J. C73 (2013) no. 11 2617; LHCb arXiv:2107.03223; CMS Phys. Lett. B772 (2017) 489
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t| integrated incoherent cross section

H. Mantysaari, F. Salazar, B. Schenke, in preparation

Pb+Pb — Pb+Pb+J/y

—— CGC + shape fluct { ALICE

—— CGC + shape fluct { ALICE - Cae

--- CGC

e
C
)
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e
@)
@)
~—
e
c
Q
| -
()
e
@)
@)
C

Vs =2760 GeV

vV s =2760GeV, Incoherent
0.5

More fluctuations when including shape tluctuations — larger incoherent cross section

Ratio of coherent to incoherent well described (both coh. and incoh. overestimated)

ALICE Eur. Phys. J. C73 (2013) no. 11 2617
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Photoproduction of J/y in d+Au collisions at STAR

H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

y+d—= J/V+d,Q*=0GeV?

d+Au |s,, = 200 GeV STAR Preliminary S U bSt ructure: ‘ dlrge

—— With subnucleon fluctuations ( Wy*p ) =25 GeV y'd = Jy + X .
---- No subnucleon fluctuations L1y, <1 eﬂ:e ct on INCoO h erent
M e Total data o)
Coherent CGC a't ‘ [ ‘ O 25 GeV
c\’n>" — Total with shape/Q_fluc.
8 — Total no shape/QS fluc. ( 35 | N P b)
S 107
=
=
3 STAR data favors
9
substructure

Can also access details of
deuteron wave function

STAR Collaboration at Hard Probes 2020
PoS HardProbes2020 (2021) 100; arXiv:2009.04860
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Photoproduction of J/y in d+Au collisions at STAR

H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

d+Au Vs,, =200 GeV, L =93 nb’ ﬂ-tagged results can
Saturation Model (CGC) ofc Compared to

- | Otal

.- Coherent iIncoherent cross

- = |Incoherent

—r
o
w

section

c\/l-\
>
(b
O
S
C102
>
O
O
@)
©

e Total data .
O n-tagged data °*,

) 2

STAR Collaboration, e-Print: 2109.07625
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https://arxiv.org/abs/2109.07625

Saturation effects: Dependence on Q% and A

H. Mantysaari, R. Venugopalan, Phys. Lett. B781 (2018) 664-671

o Atlarge O? expect scaling  Longitudinal x-sec scales as
x A? for |t| = 0; Saturation O~° for large 0%, and as Q?
effects for smaller Q? for small 0% <« QS2
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Summary and Outlook

Coherent and incoherent diffraction at small x provide information on
spatial gluon distribution and its fluctuations + saturation

Constrained parameters using Bayesian analysis

Nucleon substructure has a significant effect on the incoherent cross
section at |#| > 0.25 GeV?

Saturation affects shape of || spectra and scaling with A and O~

y + d collisions at RHIC: Substructure fluctuations improve description of
experimentally observed |f| dependence!

Next: Go to NLO. A lot of progress: €.g. H. Mantysaari, J. Penttala, arXiv:2104.02349

27 Bjorn Schenke, BNL



BACKUP
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Light nuclei: Nucleon distributions

H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

Nucleon distributions:

e Deuteron wave function:

R. B. Wiringa, V. G. J. Stoks and R. Schiavilla, Phys. Rev. C51 (1995) 38
¢ ArgOnne V,‘ 8 (A\/" 8) www.phy.anl.gov/theory/research/density2

e Hulthen: ./ ~ad,, _ ,—bd,
¢, (d, ) = 1 ML a=0.228fm™!
Pp Y, 27 b—a dpn b = 1.18fm_1

see M. L. Miller, K. Reygers, S. J. Sanders, P. Steinberg, Ann. Rev. Nucl. Part. Sci. 57 (2007) 205

e 3He wave function:

 JVA\VA 8‘|‘ U | X J. Carlson and R. Schiavilla, Rev. Mod. Phys. 70 (1998) 743

same configurations as available in PHOBOS MC-Glauber

C. Loizides, J. Nagle and P. Steinberg, arXiv:1408.2549
29 Bjorn Schenke, BNL



Light nuclei: Nucleon distributions

H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

Deuteron size distributions

— Argonne

Hulthen We need the gluon distribution

Assumption:

Small x gluon structure
follows the large x nucleon
structure

30 Bjorn Schenke, BNL



Predictions for the EIC: Effect of deuteron wave function

H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

J/¥Y production for \/E = 140/ Z/A GeV . O + M7 —t
P

such that xp can reach down to 107 to 10~ Q%+ W? —mg

Xp = 0.01 ++d— 79 +4d,0Q%=0GCeV?

Differences appear at |#| > 0.3 GeV?
(Long distance behavior is similar)

— Argonne
- - Hulthen

Meohere, The two wave functions result in
similar rms sizes of the deuteron

Difference in dip position must come
from the difterent average

impact parameter profile.
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Energy evolution (deuterons)

H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

|IPSat - only normalization changes CGC - nucleus grows as well

We plot 1 — Re[tr(V(X)]/N.

32 Bjorn Schenke, BNL



Predictions for the EIC: Small-x evolution

H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

y+d— J/V+d,Q*=0GeV?
 reonne Differences between wave tunctions

- Hulthen . .
survive the JIMWLK evolution

They are not washed out at small x

black: xp, = 0.01
blue: xp = 0.0004

CGC

Dip moves to smaller | #| indicating
growth of the average target size

(no nucleon shape fluctuations)
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Predictions for the EIC: Target size vs. x

H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

y4+d— J/U+d,Q*=0GeV?

Growth of the target with decreasing

x is illustrated by extracting By, from
a fit to the coherent cross section at

small t using do/dt ~ exp(—Bp | t])

|IPSat model does not include the
growth of the target

34 Bjorn Schenke, BNL



Dipole amplitude in e+A scattering

H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

A
NAG b,x)=1-[][1 -N°GF, b — b %)
i=1
This is equivalent to summing up the density profiles of the nucleons

We also fluctuate the normalization of Q7 in each hot spot according to

1n2<Q3/<Q3>>]

20%

Pn(Q/(03) = ——exp| -

2o

with ¢ = 0.65 for IPSat

35 Bjorn Schenke, BNL



Saturation effects

H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

Comparing evolution of a
deuteron (solid) to two
individual nucleons (dotted)

The effect is only visible
after substantial evolution

d,, = 1.5tm

36 Bjorn Schenke, BNL



Predictions for the EIC: Effect of nucleon shape fluctuations
H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

Coherent cross section unchanged

y4+d— J/U+d Q*=0GeV?

(within errors) - average shape is
— With subnucleon fluctuations

- No subnucleon fluctuations (appr()ximate‘y) the same by
construction

Subnucleon fluctuations increase
incoherent cross section significantly

for |¢] = 0.25 GeV?
Lower |t]|are dominated by

fluctuations on larger length scales
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Predictions for the EIC: Slope of incoherent cross section
H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

Y+ d— )Y+ d*, Q= 0GeV? IPSat

— With subnucleon fluctuations
- No subnucleon fluctuations

black: xp, = 0.01
blue: xp = 0.0004

Size of fluctuating object controls fall-off of the incoherent xsec ~ ¢ Bincanl?
see T. Lappi and H. Mantysaari, Phys. Rev. C83 (2011) 065202
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Predictions for the EIC: Slope of incoherent cross section
H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

Y+ d— )Y+ d*, Q= 0GeV? IPSat

— With subnucleon fluctuations
- No subnucleon fluctuations

hot spot scale B, = 1 GeV™*

nucleon scale Bp — 4 GeV 2

black: xp, = 0.01
blue: xp = 0.0004

0.4 0.6
] [GeV?]

Size of fluctuating object controls fall-off of the incoherent xsec ~ eBincanl?
see T. Lappi and H. Mantysaari, Phys. Rev. C83 (2011) 065202
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Predictions for the EIC: Slope of incoherent cross section
H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

v d— J/U+d*, Q% = 0 CeV? CGC
——  With leon fluctuat 2
- With subnucleon fluctuation At |t| ~ 0.2 GeV~ spectra become
steeper with decreasing x

(growth of the system and its
fluctuating constituents)

black: xp = 0.01
lac: tr = 0.0004 Slopes are not constant at large | 7]

Reason: Color charge fluctuations

At smaller x color charge fluctuations happen on shorter scale ~ 1/Q
(blue dashed line crosses black dashed line)

40 Bjorn Schenke, BNL



Predictions tor the EIC: Cross sections for 3He targets

H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

v +3He — J/U + 3He, Q> = 0GeV?, zp = 0.01 v +3He — J/U + 3He, Q> = 0 GeV?

—  With subnucleon fluctuations
- = = No subnucleon fluctuations

’”COherent

Bjorn Schenke, BNL



Predictions for the EIC: d vs. 3He targets

H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

v +d/*He — J/V +d/*He, Q* = 0 GeV"

— Deuteron

47 Bjorn Schenke, BNL



COLOR GLASS CONDENSATE

.“ﬁ;"‘ 7\ — o~ 7 AT‘ 7\
AT -
S STy S
NPT AT AN i
~

Figure from F. Gelis

S~ oA~

Nucleon at rest:

e Complicated non-perturbative object

e Contains fluctuations at all scales smaller than its own size

e Only the tluctuations that are longer lived than the external probe participate in the
Interaction process

e The only role of short lived tluctuations is to renormalize the masses and couplings

e [nteractions are very complicated it the constituents of the nucleon have a non trivial

dynamics over time-scales comparable to those of the probe
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COLOR GLASS CONDENSATE

k

i ? ;

k

b [

11‘

Nucleon at high energy:

e Dilation of all internal time-scales of the nucleon

e |nteractions among constituents now take place over time-scales longer than the
characteristic time-scale of the probe — The constituents behave as it they were free

e Many tluctuations live long enough to be seen by the probe. Nucleon appears denser at
high energy (contains more gluons)

e Pre-existing fluctuations are totally frozen over the time-scale of the probe, and act as
static sources of new partons
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Color Glass Condensate formalism

H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)

From color charges we obtain Wilson lines at the initial x, = 0.01
WCNED )
V2 4 2

from solution of Yang-Mills equations, with regulator m = 0.4 GeV

V(x) = Pexp( — ingx

Evolution in x uses the Langevin formulation of the JIMWLK equations

diV(Y) = V()| [dzzga; LN+ o
: ,

|
. A \7 .
with random noise & and coefficient eﬁlf’zl, = (—S )ZK’_,_E[I — VI(X)V(D)]?
X, T X
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Color Glass Condensate formalism

H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)
X!
The kernel is given by K., = —
X 2
X
To regulate long distance tales we make the replacement
. X'
X Y2

Moditied Bessel function K; suppresses contributions at distances 2 1/m

We use m=0.2 GeV
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